I.
INTRODUCTION
Frequency filters are linear electric circuits, which are used in wide area of electronics and also are basic building blocks in analogue signal processing. The analogue frequency filters are the most often used in high-speed data communication systems defined by ITU standards, for signal processing in cable modems, in regulation and measurement techniques, in electro acoustics or in automobile industry [1] . In the last decade, the current-mode signal processing circuits have received increasing attention, due to their advantages [2] [3] and the highest attention is paid to universal filter realization that can realize all filter functions such as low-, band-, high-pass, band-stop, and all-pass filter response. A number of papers concerning this issue can be found [4] [5] [6] [7] [8] [9] [10] [11] . These papers presents voltage-or current-mode universal filters using single CFA (current-feedback amplifier) [4] [5] , second-generation current conveyor (CCII) [6] , second-generation current-controlled conveyor (CCCII) [7] , fully-differential second-generation current conveyor (FDCCII) [8] , differential-difference current conveyor (DDCC) [9] , current differencing buffered amplifier (CDBA) [10] and operational transresistance amplifier (OTRA) [11] .
However, the proposed circuits require certain component matching conditions. Hence, the active and passive component sensitivities are larger than unity in absolute value.
In this work, we have proposed a novel voltage-mode universal filter using single current conveyor transconductance amplifier (CCTA) [12] and four passive elements. Using the adjoint transformation method [13] the current-mode frequency filter has been designed. The proposed structures have been simulated using PSPICE and experimentally measured to verify the theoretical analysis. The active and passive sensitivities of the presented structures are low.
II. DESCRIPTION OF THE CCTA AND FILTER DESIGN
The current conveyor transconductance amplifier (CCTA) [12] is a combination of the third-generation current conveyor (CCIII) [14] and balanced-output operational transconductance amplifier (BOTA) [15] . In [16] the CCIII in input stage of the CCTA has been replaced by CCCII because of more flexibility in frequency filter and oscillator design. In this work the CCIII has been replaced by CCII [17] . The schematic symbol of the CCTA is shown in Fig. 1 .
Relations between the individual terminals of the CCTA can be described by following hybrid matrix: From (2), we can see that:
second-order band-stop filter (BS) can be obtained
second-order all-pass filter (AP) can be obtained with V o /V in . Thus, the circuit is capable of realizing all filter functions. The circuit requires the minimum number of active and passive elements with no requirement for component matching conditions. The proposed voltage-mode universal filter has been transformed into current-mode universal filer using adjoint transformation method [13] . The proposed current-mode filter is shown in Fig. 2 (b) . The complex current transfer functions of this circuit with driving current I in are given as follows: 
As seen from (3a)-(3e), the proposed current-mode filter enables low-, band-, and high-pass responses simultaneously. Band-stop filter (3f) can be obtained by adding up the currents I o1 and I o2 . If the band-pass responses (I o3 or I o4 or I o5 ) are inverted, than by adding up to I o1 and I o2 all-pass filters can be obtained.
For all filters the characteristic frequency ω 0 , quality factor Q and bandwidth BW derided from (4) are:
From the equations (5a)-(5c) it is evident that the quality factor Q can be controlled independently of characteristic frequency ω 0 using passive element G 1 . By replacing appropriate passive element by FET-based voltage-controlled resistor (VCR) [18] the quality factor Q can be controlled electronically, that is particular advantage of the proposed circuits. The characteristic frequency ω 0 can be independently adjusted from the bandwidth BW by varying C 2 , G 2 or g m of the proposed frequency filter.
III. SENSITIVITY ANALYSIS AND NON-IDEAL EFFECTS
A sensitivity study forms an important index of the performance of any active network. The formal definition of sensitivities [19] is:
where F represents one of ω 0 , Q, BW and x represents any of the passive elements ( C 1 , C 2 , G 1 , G 2 ) or the active parameter (g m ). Using the above definition the active and passive sensitivities of the proposed circuits shown in Fig. 2 (a) and Fig. 2 
From the results it is evident that the sensitivities are low and not larger than unity in absolute value.
Taking into account the non-ideal CCTA, namely i y = 0,
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where ω g is the first-pole of the BOTA and µ = 1/ω g . Taking into account the non-idealities of the CCTA mentioned above, the denominator of the transfer functions (4) becomes:
Due to the parasitic effect, the characteristic departs from the ideal responses. But, the parasitic effect can be made negligible satisfying the following condition:
IV. SIMULATION AND EXPERIMENTAL RESULTS
The behaviour of the proposed voltage-and current-mode universal filter in Fig. 2 (a)-(b) has been verified using PSPICE simulations. Used internal structure of the CCTA is shown in Fig. 3 The simulation and measurement results of the low-, band-, and high-pass filter working in voltage-mode are shown in Fig. 5 (a) . It is evident that the measured responses are in agreement with the simulations. In the higher-frequency region the real properties of the OPA861, MAX435 circuits and parasitic capacities or inductances of the constructed prototypes start to be significant. The simulation results of the low-, band-, and high-pass filter working in current-mode are shown in Fig. 5 (b) . A new voltage-and current-mode universal frequency filters using single CCTA and four passive elements are presented. All passive elements are virtually grounded in the structure. The use of only grounded capacitors is ideal for integrated circuit implementation [22] . The current-mode filter has been obtained using adjoint transformation from the voltage-mode filter. Both structures enable to realize the low-, band-, high-pass, band-stop and all-pass response without changing the circuit topology. The independent control of the quality factor Q using single passive element is possible, which can be advantageous in some applications. The behaviours of the proposed filter have been verified by PSPICE simulations. Corresponding bipolar implementation of the CCTA has been presented. The behaviours of the voltage-mode structure have been furthermore verified by experimental measurements.
